Proteasome activator PA200 enhances proteasome-mediated cleavage after acidic residues in vitro; however, its role within cells is not known. Here, we show that, in response to ionizing radiation, PA200 forms hybrid proteasomes with 19S caps and 20S core proteasomes that accumulate on chromatin, leading to an increase in proteolytic activity. Unlike many other proteins that respond to DNA damage, the response of PA200 appears to be independent of Ataxia Telangiectasia Mutated and p53, but dependent on DNAdependent protein kinase activity. Nonetheless, PA200 is critical because PA200-knockdown cells show genomic instability and reduced survival after exposure to ionizing radiation. This phenotype is reproduced by specific inhibition of postglutamyl activity of proteasomes, but combined treatment with PA200 siRNA and postglutamyl inhibitor does not show additive effects on survival. Together, these data suggest a unique role for PA200 in genomic stability that is likely mediated through its ability to enhance postglutamyl cleavage by proteasomes.
P
roteasomes are responsible for the degradation of a large number of protein targets throughout eukaryotic cells (1) . The function of proteasomes is regulated by activators that bind to the ends of the 20S core catalytic particle in a single or double fashion and open the ends of the core proteasome to allow entry of protein targets (2) . Four proteasome activators (PAs) have been identified in mammalian cells: PA700 (also known as 19S), PA28␣/␤, PA28␥, and PA200 (1, 3) . To date, the cellular role for PA200 has not been defined, although it has been suggested to play a role in response to ionizing radiation (IR)-induced damage (4) .
The cellular response to IR exposure is a complex process that requires the coordinated effort of many proteins to complete successfully three fundamental steps: sensing DNA breaks, regulating cell cycle progression, and repairing the DNA lesion (5-7). The initial response to IR is governed by the recruitment and activation of PI3-related kinases such as Ataxia Telangiectasia Mutated (ATM), ATM and Rad3-related (ATR), and DNA-dependent protein kinase (DNA-PK) (8) . ATM is critical for the phosphorylation of many proteins required for cell cycle control and DNA repair, including NBS1, RAD51, checkpoint kinases Chk1 and Chk2, and the tumor suppressor p53 (9) (10) (11) (12) . Many of these proteins (i.e., p53, H2AX, and NBS1) can also be phosphorylated by DNA-PK, suggesting some redundancy in this pathway (13) (14) (15) . If damage is too extensive, cells may initiate cell death potentially through p53-dependent mechanisms (16) . PA200 relocalizes to nuclear foci upon exposure to IR (4); however, its role in the above described pathway is unclear.
PA200 is an evolutionarily conserved, nuclear localized, multiple HEAT-repeat protein that associates with the ends of mature 20S proteasomes and enhances peptide hydrolysis, most notably after acidic residues (postglutamyl cleavage) in vitro (4, 17, 18) . Both mammalian PA200 and its ortholog in Saccharomyces cerevisiae (known as Blm10) are reported to form hybrid proteasomes consisting of one 19S cap on one end and one Blm10/PA200 cap on the other end of a core proteasome (4, 19) . PA200 forms nuclear foci and accumulates on chromatin after IR exposure, indicating that PA200 responds to damage induced by IR and may function in DNA repair (4, 20) . However, two observations challenge the idea that PA200 plays a role in DNA repair. First, yeast that are null for Blm10 do not show marked sensitivity to DNA damage induced by IR exposure or bleomycin (19) . Second, mice lacking PA200 show normal lymphocyte development, a process that requires DNA repair proteins to rearrange antigen receptor gene segments (21) . Based on these observations, the importance of PA200 in response to DNA damage and in DNA repair have been questioned. However, it is conceivable that PA200 plays an important role in response to IR-induced damage but that this role occurs after DNA repair is complete, for example. Consistent with the notion that PA200 can impact the cellular response to DNA damage, Schmidt et al. (19) observed bleomycin sensitivity of yeast expressing a deletion mutant lacking the C terminus of Blm10.
In the current work, we characterized how PA200 responds to IR and determined the importance of PA200 in survival from IR-induced damage. We provide evidence that PA200-19S hybrid proteasomes are enhanced after IR exposure and accumulate on chromatin. Furthermore, PA200 and postglutamyl proteolytic activity are required for the cellular response to IR and maintenance of genomic integrity.
Results

Elevated Levels of PA200-19S Hybrid Proteasomes After IR Exposure.
To demonstrate that PA200 and 19S caps could interact with either end of the same core proteasome to form hybrid PA200-20S-19S proteasomes (henceforth referred to as PA200-19S hybrid proteasomes) we immunoprecipitated 19S cap subcomplexes and show associated PA200 and core proteasomes (Fig.  1A) . Given that PA200 associates with the end of core proteasomes and within cells, virtually all detectable PA200 is associated with core proteasomes (18) (19) (20) 22 ) the observed association of PA200 with 19S caps likely reflects a hybrid proteasome comprising a core proteasome with a 19S cap on one end and a PA200 cap on the other end. To confirm the existence of PA200-19S hybrid proteasomes, we immunoprecipitated the complex by using an antibody specific for a 19S cap subunit (S10B) and assessed the associated proteins for PA200-core proteasome complexes by immunoprecipitation of core proteasomes followed by Western blotting for PA200 (Fig. 1B) . Upon exposure to IR, the levels of PA200-19S hybrid proteasomes are enhanced ( Fig. 1 A) , suggesting that they play a role in the cellular response to DNA damage. Total levels of the 19S subunit (S10B), PA200 and 20S core proteasomes are not enhanced by IR exposure (Fig. 1C) , arguing that the increase in PA200-19S hybrid proteasomes is likely caused by enhanced formation or stabilization of this hybrid complex rather than increased synthesis of the individual subunits. Together, these data demonstrate that IR-induced DNA damage enhances the cellular levels of PA200-19S hybrid proteasomes.
Enhanced PA200-20S-19S Protein Levels and Proteasome Activity on
Chromatin After IR Exposure. To elucidate possible mechanisms of how PA200 and proteasomes respond to IR, their presence on chromatin was compared with known DNA repair proteins. Isolation of chromatin-associated proteins shows that Rad51 and NBS1 protein levels are enhanced 24 h after IR exposure, whereas histone H1 levels and KU70 remain unchanged ( Fig.  2A) . Similar to these DNA damage-responsive proteins, PA200, 20S core proteasomes, and 19S caps all accumulate on chromatin 24 h after IR exposure (Fig. 2 A) . Next, we determined the kinetics of PA200 and proteasome accumulation relative to a known rapid responder to DNA damage. Consistent with existing literature, we detected accumulation of phosphorylated NBS1 (pNBS1) as early as we could harvest and lyse cells after IR exposure [time 0; Ϸ5 min after exposure, Fig. 2B (23, 24) ]. This pNBS1 is maintained until at least 6 h after IR exposure but disappears by 24 h (Fig. 2B) . In contrast, PA200 and 20S proteasomes showed delayed accumulation (i.e., not before 6 h after irradiation) on chromatin, and their presence was maintained 24 h after IR exposure (Fig. 2B) .
If PA200 and proteasomes accumulate on chromatin after IR exposure, we reasoned that proteasome activity should also be elevated. Chromatin-associated tryptic activity is increased by 6-fold after IR exposure, which is consistent with the 5-to 8-fold increase in 20S core proteasomes on the chromatin (Fig. 2D) . Interestingly, postglutamyl cleavage, which is the specificity that is enhanced by PA200 most strikingly in vitro (4) , is enhanced 19-fold on chromatin (Fig. 2C) . These data suggest that the increase in postglutamyl cleavage activity is caused by more efficient peptide hydrolysis, possibly mediated by the presence of PA200. Consistent with this idea, in cells in which PA200 protein is knocked down by 90% (Fig. 2E) , IR-induced accumulation of chromatin-associated postglutamyl activity is diminished to 7-fold (Fig. 2F ). This 7-fold IR-induced accumulation of postglutamyl activity in PA200-knockdown cells is similar in magnitude to that observed for core proteasome protein levels and for tryptic activity, suggesting that the remaining postglutamyl activity in PA200-knockdown cells is caused solely by core proteasome accumulation. Together, these data indicate that PA200 and proteasomes respond relatively late to IR exposure by accumulating on chromatin to enhance postglutamyl proteasome activity.
PA200 Accumulation on Chromatin Is Independent of ATM and p53 but
Dependent on DNA-PK Activity. ATM is a PI3-related kinase that initiates signaling after IR exposure to arrest the cell cycle and to recruit and maintain DNA repair proteins (8, 25) . Because PA200 and proteasomes respond to DNA damage, we assessed whether their response depended on ATM activity. Treatment with the ATM-specific small molecule inhibitor, KU-55933 (26) (labeled ATMi in Fig. 3 ) reduces core proteasome accumulation on chromatin by 35-40% [ Fig. 3 A and C and supporting information (SI) Fig. S1 A, C, D, and F] and decreases both phospho-NBS1 and Rad51 accumulation on chromatin after IR exposure (Fig. S1D) . Quantification of the fluorescence emitted from each band and normalized to KU70 fluorescence demonstrates that PA200 accumulation on chromatin after IR exposure is unchanged in the presence of ATM inhibitor ( levels (i.e., cells not exposed to IR) of PA200 on chromatin of A-T cells is greater than that observed in their wild-type counterparts (Fig. 3D , compare first and third lanes). IR exposure induces accumulation of PA200 on chromatin of wild-type cells, but the high level of PA200 on A-T chromatin is not increased further by IR exposure (Fig. 3D , compare first and second lanes, and third and fourth lanes). IR-induced PA200 accumulation on chromatin also occurs in p53-deficient HCT-116 cells and p53-deficient mouse embryonic fibroblasts (Fig.  S2) . Thus, PA200 accumulation on chromatin appears to occur independently of ATM and p53. DNA-PK is another PI3-related kinase that responds to IR-induced damage by phosphorylation of key DNA repair proteins (27, 28) . Inhibition of DNA-PK with the small molecule NU7026 (labeled PKi in Fig. 3A ) diminished PA200 accumulation on chromatin by Ϸ34-40% (Fig. 3 A and B and Fig. S1 A,  B, D, and E) . Core proteasome accumulation on chromatin is also reduced (by 30-60%) by the DNA-PK inhibitor ( Fig. 3 A and C and Fig. S1 A, C, D, and F) . Thus, although proteasome accumulation on chromatin can be prevented by inhibition of either ATM or DNA-PK, accumulation of PA200 on chromatin appears to depend mainly on DNA-PK activity.
PA200 and Proteasome Activity are Required for Survival After IR
Exposure. Given that PA200 appears to respond to IR exposure, we tested the importance of PA200 to the cellular response to DNA damage. Therefore, we depleted 90% of PA200 protein in HeLa cells by using PA200-specific siRNA (Fig. 4A) . After IR exposure, HeLa cells arrest exclusively at G 2 /M because of their p53 status (Fig. S3) . Although PA200-knockdown HeLa cells did not show any gross defects in G 2 /M cell cycle arrest 24 h after IR exposure (Fig. S3) , more detailed analysis using the mitotic marker phosphohistone H3 (P-H3) reveals a reduction in the fraction of cells in mitosis compared with control knockdown cells (Fig. 4B, compare ϩIR plots) . Even in the absence of IR exposure, the fraction of PA200-knockdown cells in mitosis is decreased compared with control siRNA-transfected cells (Fig.  4B , compare ϪIR plots). Consistent with this defect in the G 2 /M checkpoint, long-term survival after IR exposure is impaired in PA200 siRNA-treated cells (Fig. 4C , inverted filled triangles, P Ͻ 0.05) compared with control siRNA cells or untransfected cells (Fig. 4C , open squares and filled triangles). To verify that PA200 siRNA effects were mediated by PA200 knockdown, we transfected PA200 cDNA that is insensitive to siRNA targeting the 3Ј-UTR (UTR-si), but sensitive to siRNA targeting the PA200-coding region (PA200-si). The survival defect was restored by transfection of PA200 cDNA in UTR siRNA-treated cells (Fig. 4C, open circles) , but the defect was not restored in PA200 siRNA-treated cells that target the PA200-coding region (Fig. 4C, open triangles) . Because PA200 enhances proteasomemediated cleavage after glutamic acid residues (4), we hypothesized that inhibition of this activity would also lead to decreased survival after IR exposure. The proteasome inhibitor YU-102 is a small molecule inhibitor known to inhibit specifically postglutamyl activity of proteasomes, but not chymotryptic or tryptic activities (29) . Cells treated with YU-102 show a highly significant (Fig. 4D , filled triangles, P Ͻ 0.01) decrease in cell survival after IR exposure (Fig. 4D) . The effect of YU-102 on cell survival is slightly greater than that observed for PA200 knockdown, which may be caused by more effective inhibition of postglutamyl activity because PA200-knockdown cells still contain some residual PA200 protein (Ϸ10%). The proteasome inhibitor PS-341, which inhibits chymotryptic and tryptic activities of the proteasome and the bulk of protein degradation in the cell (29), does not affect cell survival after IR exposure as dramatically as YU-102 (Fig. 4D , open squares, P ϭ 0.05). Cells treated with a combination of both PA200 siRNA and YU-102 show survival defects comparable with YU-102 treatment alone (Fig. 4D) , suggesting that YU-102 and PA200 siRNA function in the same pathway. These data argue that PA200, through enhancement of postglutamyl specificity of proteasomes, is essential for optimal survival after IR exposure.
PA200 and Postglutamyl Proteasome Activity Contribute to Genomic
Stability. Because sensitivity to IR, as measured by decreased cell survival after IR exposure, is often correlated with genomic instability (30), we speculated that PA200 deficiency and diminished postglutamyl proteasome activity may result in genomic instability. In support of this idea, the number of chromosome aberrations (end-to-end associations, breaks and gaps, bridges) in PA200-depleted cells were significantly greater compared with control treated cells even in the absence of IR exposure (Table 1) . Correspondingly, cells treated with YU-102 showed dramatically (P Ͻ 0.01) increased genomic instability as measured by micronuclei formation (Table 2) . Because both PA200 knockdown and inhibition of postglutamyl proteasome activity led to genetic instability and decreased survival after IR, these findings further support the notion that PA200 functions together with core proteasomes during the cellular response to IR-induced DNA damage.
Discussion
Overall, we have presented several lines of evidence indicating that PA200 responds to DNA damage in a manner that is essential for cell survival and that PA200 is critical to maintain genomic stability. Our analysis shows that PA200 responds to IR by increasing levels of PA200-20S-19S hybrid proteasomes and that these complexes accumulate and enhance proteolytic activity on chromatin part because of DNA-PK activity. PA200 is required for optimal cell survival after IR exposure in HeLa cells. Although the initial characterization of PA200 demonstrated that it responds to radiation, ES cells derived from PA200-null mice do not show an apparent increase in sensitivity to IR (21) . Similarly, Blm10-deficient yeast do not show defects in survival when exposed to DNA damaging agents (19) . It is currently unclear whether differences between yeast and mammalian responses to DNA damage or cell type differences between mammalian cells may explain these discrepancies. Indeed, the defect we observe is subtle in that it is in the IR dose required to reduce survival by 90-99%. Nevertheless, the range of the defect in PA200-knockdown cells is similar to that observed in cells knocked down for bona fide DNA damage-responsive proteins such as Rad51 or 14-3-3 (31, 32) , arguing that the impact of PA200 is both statistically and biologically significant.
Together, these data support the idea that PA200 is essential for optimal survival from IR exposure, yet a direct role in repair of DNA damage per se is unlikely for several reasons. First, lymphocyte development, which depends on DNA repair proteins of the NHEJ pathway such as KU70 for appropriate recombination of V, D, and J genomic segments, occurs normally (21) . Second, no defects in DNA repair or recombination were detectable in PA200-null cell lines (21) . Third, we observe that the kinetics of PA200 accumulation on chromatin after IR exposure occurs well after most DNA repair is thought to be completed (23, 33) .
The pathway that regulates PA200 accumulation may involve DNA-PK because inhibition of DNA-PK diminished accumulation of PA200 on chromatin after IR exposure. This regulation by DNA-PK but not by ATM is striking because many of the proteins targeted during DNA repair, such as H2AX, 53BP1, and KAP1, can be phosphorylated by either ATM or DNA-PK (13, 15, 34) . Although DNA-PK inhibition diminishes PA200 on chromatin by 34-40%, there may also be other regulators (such as ATR) of PA200 responsiveness to IR-induced damage.
The regulation of core proteasome accumulation on chromatin after IR exposure appears to be more complex than that observed for PA200. Although the DNA-PK inhibitor blocks both core proteasome and PA200 accumulation on chromatin, ATM inhibition diminishes core proteasome, but not PA200, accumulation. These data suggest that although PA200 is associated with core proteasomes, core proteasomes that are not associated with PA200 also accumulate on chromatin, and their regulation may be different from PA200-containing proteasomes. Indeed, IR induces core proteasome accumulation on chromatin of PA200-knockdown cells (data not shown), suggesting that PA200 is not required for proteasome localization to chromatin. Rather, the presence of PA200 appears to enhance the efficiency of postglutamyl proteolytic cleavage of core proteasomes. This is suggested by the observation that PA200-knockdown cells show an IR-induced accumulation of postglutamyl cleavage of 7-fold compared with 19-fold in PA200-sufficient cells. The remaining 7-fold accu- mulation of postglutamyl cleavage after IR exposure of PA200-knockdown cells is similar in magnitude to that observed for tryptic activity in PA200-sufficient cells and to core proteasome protein levels in PA200-sufficient cells. Therefore, although the precise requirements for accumulation of PA200 and core proteasomes after IR exposure still remain to be defined, it appears that PA200 enhances the efficiency of postglutamyl cleavage on chromatin after IR exposure. The accumulation of PA200, core proteasomes, and 19S caps on chromatin after IR exposure suggests a requirement for proteolytic machinery in the response to IR exposure and DNA damage. This along with existing literature that yeast 20S and 19S proteasome subunits are recruited to sites of DNA repair supports the idea that degradation machinery may be a crucial step of the response (35) . Furthermore, inhibition of postglutamyl proteasome activity with YU-102 reproduces the phenotype of PA200-knockdown cells in impaired survival after IR exposure and increased genomic instability (Fig. 4D) . YU-102 treatment showed more dramatic results than PS-341, which inhibits chymotryptic and tryptic activities of proteasomes. This observation is striking given that inhibition of postglutamyl proteasome activity by YU-102 does not alter degradation of a GFP reporter protein, arguing that YU-102 does not affect global protein degradation. The same GFP reporter protein is substantially protected by PS-341 (29) . Finally, treatment of cells with both YU-102 and PA200 siRNA does not have a greater effect on survival than each treatment alone, suggesting that the impairment of cell survival by PA200 siRNA is caused by inhibition of postglutamyl activity. Collectively, these observations argue for an important role for PA200, likely through its ability to enhance postglutamyl activity of proteasomes, in the response to IR exposure, and these responses are important for genomic stability. Future studies focusing on defining targets for PA200-19S hybrid proteasomes will likely shed light on the precise mechanism of how PA200 impacts survival after IR exposure and how it affects genomic stability.
Materials and Methods
Cell Culture, Reagents, and Antibodies. All cell lines were maintained in DMEM supplemented with 10% serum (20, 36) . The ATM inhibitor KU-55933 and the DNA-PK inhibitor NU7026 have been described (26, 37) . The following antibodies have been described: anti-PA200 antisera, MCP20 (anti-core proteasome subunit, ␣6), anti-histone H1-H4, KU70, and RC23V (anti-flu peptide) (20) . The antibodies specific for the following proteins were purchased: 19S proteasome (subunit S10B) from Calbiochem; Rad51 (clone 3C10) and phosphorylated (Ser-10) histone H3 from Millipore; NBS1 and P-NBS1 from Novus Biologicals; human p53 (DO-1) from Sigma; murine p53 (pAb240) from Abcam; PUMA (Ab-1) from Calbiochem; and ␣-tubulin (DM 1A) from Sigma.
Immunoprecipitations and Western Blot Analysis. Cell lysis, immunoprecipitations, and fluorescence-based Western blot analysis were performed as described in ref. 20 . Quantification of band intensities was performed by using ImageQuant software version 5.2 (Molecular Dynamics) by line analysis and integration of area under the curve.
IR Treatment, DNA Content Analysis, and Isolation of Chromatin-Bound Proteins. Cells were plated 24 h before irradiation. Adherent cells were exposed to Cs irradiation at a dose rate of 65.93 rad/min; after the indicated time, cells were harvested, and chromatin-bound proteins were isolated as described in ref. 20 .
Proteasome Activity Assay. Cells were lysed in 1% Triton X-100 containing 0.5 mM EDTA, and chromatin-bound proteins were isolated (20) . The proteins eluted from the chromatin were then incubated with 100 M methyl coumarin amide (MCA)-linked peptide substrates (Leu-Leu-Glu-MCA for postglutamyl activity or Leu-Arg-Arg-MCA for tryptic activity; Peptides International) in the presence or absence of the proteasome inhibitor MG132 (2.5 M). Cleavage of MCA was detected by fluorescence emission at 460 nm after excitation at 360 nm using a Molecular Dynamics fluorometer.
Transfection with siRNA. The PA200-specific and control siRNA (Lo GC duplex, 1.4 M final) were obtained directly from Invitrogen. For chromatin accumulation studies, cell cycle analysis and P-H3 staining, cells were transfected by using Amaxa nucleofection technology twice at 48-h intervals and irradiated 96 h after initial transfection.
Survival Assay. Cell survival was performed by the procedure described (31, 38) . Seventy-two hours after siRNA transfection (with Lipofectamine) or 24 h after proteasome inhibitor treatment, cells were plated as single cells, incubated for 6 h, and subsequently exposed to IR. After 12 or more days, cell colonies were fixed, stained with crystal violet, and counted.
Phosphorylated Histone H3 Staining. Ninety-six hours after initial transfection, PA200 siRNA and control siRNA HeLa cells were mock-treated or irradiated with 50 Gy as described above. Twenty-four hours after irradiation cells were analyzed for P-H3 as described in ref. Micronuclei Analysis. HeLa cells were treated with DMSO (control) or proteasome inhibitor PS-341 (1 nM) or YU-102 (1 M) for 24 h, and micronuclei formation was determined by procedures described in ref. 38 . Each experiment was performed three times. Mitotic index was determined by the procedure described in ref. 31 .
